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REVIEW
ARM is a highly focused program designed to improve our understanding of the transport of infrared and solar radiation through the atmosphere.
The program pays particular attention to the interaction of radiation with the three phases of water. The goals of ARM are usually articulated in terms of improvements in climate models. We agree that ARM can indeed make significant contributions to the understanding of climate change. In addition we believe that the results of the program will have wide applicability to a broad range of problems, including more accurate short-term and seasonal weat her forecasting.
ARM has made remarkable progress over the past two years. The Southern Great Plains (SGP) site is operational, though further instrumentation will increase its value. The ARM data system is delivering high-quality data to its science team. This system includes data not only from the ARM array of instruments, but also from the NOAA radar and wind profiles, operational satellites, and the Oklahoma Mesoscale Measurement Network. The ARM archive is storing this data in a format that makes for easy retrieval by scientists worldwide.
Preparations for the second site in the Tropical Western Pacific (TWP) have made significant progress, and the site should be operational in 1996.
The TWP site will contribute to the understanding of such phenomena as El Nifio, and therefore to the possibility of seasonal forecasts. Preliminary work is also underway to prepare for #an ARM site on the North Slope of Alaska, which will aid in understanding atmosphere/radiation interactions in the Arctic. Documents describing ARM, and public presentations on ARM, invariably emphasize ARM's contribution to improving global circulation models (GCMs), and thus to deepening our und.erstanding of global climate change.
As noted above, we believe that ARM does indeed play a key role in climate change research. However, this narrow definition of ARM'S mission should not hide the fact that understandling radiative transport in the atmosphere is also central to improving day-to-day weather forecasting. Support for climate change research is highly vulnerable to shifts in political winds, but no one questions the economic value of better weather prediction. We understand that weather forecasting is in NOAA's domain, but strong collaboration between NOAA and ARM can dampen this potential turf skirmish.
Turf concerns cannot be allowed to suppress the recognition that ARM will make significant contributions both to weather forecasting at the time scale of days and, through the TWP-like site, to seasonal forecasts. The propagation and absorption of radiation in a specified atmosphere, if all the relevant cross-sections are given, constitute the easiest part of the problem, at least conceptually. The governing equations are beyond much doubt. Computationally, however, they are very demanding, so that approximations and truncations must be adopted. These are incorporated in elaborate codes that have developed over time and that are now widely used.
For application to a real situation, one has then to specify appropriately the relevant atmospheric parameters. Radiative transport experiments carried out in the real atmosphere can have two kinds of objectives: to learn about the atmosphere, accepting that the theoretical model is sufficiently correct, or to test the model (and the microphysics underlying it) supposing that the atmosphere is sufficiently well specified. Inevitably, there is some of both in . . airplanes below and above clouds. The two airplanes carried very wellcalibrated radiometers responsive in the shortwave band. The net fluxdownwelling minus upweliing-was measured nearly simultaneously below and above the clouds. They found that the ratio of cloud forcing at 20 km to that at the surface is 1.58, rather than 1.0 as predicted by radiative transfer models. However, the measurements were on total flux over the entire shortwave band.
Hayasaka, Kikuchi, and Tanaka In the Japanese experiment, the visible shortwave radiation wits subtracted from the total net radiation to obtain the shortwave near-infrared absorption.
The interpretation of data then followed by assuming that the scattering for On the basis of current experimerital data, we have a number of observations. For ideally clear skies with very small aerosol content and low humidity, the principal absorbers must be water molecules and the water column can presumably be well measured. It would thus have to be the fundamental water cross-sections, in particular, the shape of the absorptive resonant curves, that come into question to account for any discrepancies (see Section 3). The basic microscopic information is in any case important and worth experimentally checking and improving. In particular, it is now possible in the laboratory to obtain very :long path-length measurements, and a variety of techniques could be employed, including using the photoacoustic effect. A small laboratory program in support of the field observations appears essential. For many years, the radiative transfer models have been developed by the Air Force's Cambridge Geophysical Laboratory, and the codes have been maintained by this group. If there are errors in these codes, there would be significant repercussions in a whole variety of activities.
As noted in Section 1, the ARM program is well situated to make contributions of very great importance to many aspects of atmospheric sciences.
We encourage the program's efforts to further understand cloud absorption.
At the s m e time, we note that a number of techniques, including bubble chamber techniques, could have wide applicability to measuring water vapor absorption at high relative humidities now considered difficult because of condensation on the walls. There is room for much progress in both the laboratory and in the field, and such progress is essential if we are to understand radiative transfer in the atmosphere more clearly.
MODELING SHORT WAVE ABSORP-TION BY WATER VAPOR
In principle, the absorption of optical and near IR solar radiation by water vapor can be measured in the laboratory at the partial pressures and temperatures which are relevant in clouds or "clear air". However, such measurements are made difficult by enormous differences between the geometrical scales.
(a) Relevant atmospheric path lengths are typically up to lo5 times longer than the sizes of convenient laboratory chambers. An absorption could be so small that it is hard to determine in the laboratory, but it may still be very significant over the much longer path lengths in a slightly absorbing atmosphere. We note, however, that techniques for multi-reflected paths are continually becoming more sophisticated so that effective absorbing lengths in laboratory experiments can be made to exceed hugely the length scale of laboratory chambers. Even more important may be the application of photoacoustic techniques to detect very minute absorption from short laser pulses. Absorption as small as lo-'' of the incident flux can be measured in this way: sufficiently small to permit results in the laboratory to be directly applied to atmospheric scales.
(b) In clouds, water vapor is generally slightly supersaturated, and often vapor in clear air may be near this regime. In laboratory chambers, however, it has proved difficult to measure absorption in water vapor when the relative humidity exceeds 80%: above this humidity vapor condenses on windows (and walls), which compromises vapor absorption measurements. [A similar problem was successfully handled many decades ago when cloud chambers were commonly used in high energy experimental physics to make visible the ionizing tracks of energetk charged particles.
The chamber gas was supersaturated, but non-track-associated condensation was avoided because the chamber gas was supersat- In the absence of available sensitive measurements over all relevant spectral regions in which the laboratory vapor may be quite transparent but many kilometers of nearly saturated viapor may not be, theoretical models are needed to compute accurately the water vapor contribution to solar absorption. They must be used to extrapolate from the large water vapor densities in many experiments to the much smaller ones appropriate to various atmosphere altitudes.
The vibrational and rotational frequencies of an isolated water molecule are well established. The integrated absorption (over frequency) of each spectral line is also well determined by sum rules for any given probability distribution among the vibrational and rotational states of the molecules.
Difficulties in predicting the detailed absorption spectra arise from two related uncertainties about the dynamics of colliding H2O molecules (with Nz, O2 and H20) in a real atmosphere. The "bottom line" is that experimental verification of present theoretical modeling seems needed where such models are to be extended to more weakly absorbing; spectral regions of water vapor in the real atmosphere. Such regions exist between rotational lines of a vibration band and also far from the vibrational band center.
Where direct data are absent, deficiencies may exist in the models because they lack detailed quantitative descriptions of all of the possibly relevant dynamics in H20 collisions. It would seem necessary, therefore, to measure and understand how existing aerosols a f k t "clear" air albedo measurements, sunlight absorption (mainly from carbonaceous aerosols), and cloud properties around both industrially active areas (e.g., near the SGP ARhl site) and more pristine oceanic-ones (e.g., the Tropical Western Pacific). Of special interest at present is determining possible aerosol contributions to reported "anomalies" in cloud and in "clear air" shortwave absorption. A clear air "absorption" anomaly as large as 40 wm'2 (at noon) has been suggested by some experiments. This is perhaps, but not certainly, an order of magnitude larger than would be accounted for in models which include aerosols. Results may vary considerably depending upon the amount of water that hydroscopic sulfate particles had accumulated when the measurements were made.
Ultimately it will be necessary to evaluate quantitatively a number of coupled relationships whose combined effect plays a role in determining how greenhouse-induced changes feed back to change cloud and clear air albedo: It does not seem premature to begin to give more emphasis to measurements of correlations between both cloud and clear air effects on incident solar radiation and their sulfate content and its aggregation.
